We have examined whether the lateral abdominal muscle activity during expiratory loading can be noninvasively evaluated using ultrasonography. This study included 12 healthy adult men, and measured the thicknesses of their lateral abdominal muscles at the end of inspiration and the end of expiration, and the thickness differences when 5%, 10%, and 15% of the maximal expiratory pressure were loaded as expiratory threshold loads. Tidal volume, inspiratory reserve volume and expiratory reserve volume were also measured at the same time. Obtained data were compared by expiratory threshold load, and correlation between muscle thickness and the thickness difference was assessed. Muscle thickness at the end of expiration and thickness difference significantly increased in proportion to the expiratory threshold load, and were accompanied by increase of tidal volume. Additionally, a significant positive correlation was found between muscle thickness and the thickness difference. The results of this study indicate that expiration activities of the lateral abdominal muscles can be evaluated by ultrasonography, and that the thickness difference reflects expiration activities.
INTRODUCTION
The abdominal muscles have important functions not only as flexors and rotators of the trunk, but also as also respiratory muscles. Among the abdominal muscles, the internal oblique muscle and the transversus abdominis muscle are closely related with the respiratory function. Especially, the transversus abdominis muscle works together with the diaphragm, and is closely related to the respiratory function. The respiratory functions of the abdominal muscles have been revealed by preceding electromyographic studies on the muscles under CO 2 loading or expiratory threshold loading [1] [2] [3] [4] [5] [6] [7] [8] . In the preceding studies, needles or wire electrodes were used to evaluate the activities of inner muscles, such as the internal oblique muscle and the transversus abdominis muscle. A study evaluated patients with chronic obstructive pulmonary disease in a similar way, and reported transversus-abdominis-muscle activity in resting breathing 9) . Such evaluations of respiratory functions of inner abdominal muscles are meaningful for further understanding of respiratory diseases. However, electromyographic evaluation with wire electrodes is an invasive method that imposes a burden on subjects, thus, it is difficult to use.
Recently, ultrasonography has drawn attention as a method that can noninvasively evaluate the activities of inner abdominal muscles 10, 11) . Several preceding studies have evaluated the function of abdominal muscles using ultrasonography equipment [12] [13] [14] [15] [16] , but very few of them have evaluated the respiratory function. Misuri et al. 12) demonstrated the change of abdominal-muscle thickness in accordance with the position of lung volume and expiratory effort, and reported that ultrasonography is useful for evaluating the respiratory function of abdominal muscles, but no reported study has evaluated the activities of abdominal muscles using muscle thickness in relation to quantitative expiratory loads such as expiratory threshold load 7, 17) . Therefore, this study examined whether the muscle thickness measured by ultrasonography changes in proportion to the expiratory threshold load when the expiratory threshold load on healthy subjects is escalated.
METHODS

Subjects
The subjects of this study were 12 male students enrolled at a training institution for physical therapists with an average age of 28.6 ± 4.4 years, average height of 1.72 ± 0.07 m, average weight of 68.0 ± 7.0 kg, and average BMI of 22.8 ± 1.3 kg/m 2 (mean ± standard deviation). This study was approved by the ethical committee of the International University of Health and Welfare, and informed consent was obtained from the subjects following an explanation of the content of the study.
Measurement of thickness of lateral abdominal muscles
A B mode ultrasonograph SM-206 with a 3.5-MHz linear probe (Seikousha Co. Ltd, Tokyo, Japan) was used to measure muscle thicknesses of the lateral abdominal muscles. The probe was placed transversely midway between the costal border and iliac crest on the right anterior axillary line. Then, ultrasonographic images of the external oblique muscle (EO), internal oblique muscle (IO), and transversus abdominis muscle (TA) were obtained 12) . Static images at the end of the inspiration and the end of expiration in 3 breathings were extracted from the ultrasonographic images recorded on a digital video. Scion Image (Scion Corporaiton, MD, USA) software was used for image analysis to measure the muscle thicknesses of EO, IO and TA, and the total of the 3 as the thickness of lateral abdominal muscles (LAB). Muscle thickness was measured in millimeters, and the mean of the 3 breaths was used as the representative value. The thickness difference (Tdif) was calculated as thickness at the end of expiration (Tee) minus thickness at the end of inspiration (Tei).
Setting of expiration threshold load
T h r e s h o l d ® i n s p i r a t o r y m u s c l e t r a i n e r (Respironics Inc, PA, USA) was used as the ETL device. Expiratory resistance was generated by operating this device in the reverse direction. As a first step to setting an appropriate expiratory threshold load (ETL) in accordance with each subject's expiration ability, maximum expiratory pressure (PEmax) was measured with a mouth pressure meter MS-01 (Micromedical Technologies Inc., IL, USA) 18) . The loads on the ETL device were set to 0%, 5%, 10% and 15% of PEmax.
Spirometry during expiratory threshold loading
The thickness of the abdominal muscles is affected by lung volume 12) . Therefore, in order to measure lung volumes under ETL, a spirometer AS-302 (Minato Medical Science Co. Ltd, Tokyo, Ja pan) was connected to Threshold IMT. Spirometry was performed to determine vital capacity (VC), tidal volume (TV), inspiratory reserve volume (IRV) and expiratory reserve volume (ERV) according to American Thoracic Society standards 19) . In the spirometry under each ETL, results were valid only if the difference of VC from the value under 0% PEmax was within 5%. If the difference was above 5%, the spirometry was performed again.
Procedure
PEmax was measured with a subject sitting in an upright position on a chair with a nearly-vertical backrest. Subjects practiced breathing until the breathing became stable for each ETL (for about three minutes), then, muscle thicknesses of the lateral abdominal muscles and lung volumes were measured in order from 0% PEmax. The back of the subject was kept on the backrest during the measurement. Ultrasonographic images were recorded for 30 seconds when the breathing was stable, and the lung volumes were subsequently measured. All measurements were performed by the same investigator.
Statistical analysis
Means
RESULTS
Tee significantly increased in proportion to ETL ( Table 1 ). The differences were significant in LAB and TA under 5% PEmax, IO under 10% PEmax, and EO under 15% PEmax. Additionally, LAB, TA, and IO were significantly different between 5% PEmax and 15% PEmax. Increase rates of Tee from 0% PEmax to 15% PEmax were 14%, 31%, 87% and 36% in EO, IO, TA and LAB, respectively.
In contrast, there were no significant defference for Tei in any muscles (Table 2) . Therefore, Tdif, similar to Tee and increased in proportion to ETL (Table 3 ). There were moderate or more significant positive correlations between Tee and Tdif (EO, r=0.67; IO, r=0.68; TA, r=0.88; and LAB, r=0.82). However, Tdif under 5% PEmax was significantly different only in LAB.
TV significantly increased under 5% PEmax (Table 4) . It further increased under 15% PEmax, but a significant difference was not seen (5% PEmax vs. 15% PEmax, p=0.064; 10% PEmax vs. 15% PEmax, p=0.051). ERV significantly decreased under 15% PEmax, but IRV showed no significant differences.
DISCUSSION
This study examined whether abdominal muscle thicknesses measured by ultrasonography changed in proportion to ETL. It was found that Tee increased in proportion to ETL. Especially, TA and LAB reflected changes in ETL well. Tdif also increased in proportion to ETL, indicating that it can be an indicator of expiration activities.
In preceding electromyographic studies of lateral abdominal muscles under expiratory loading, muscle activities increased in proportion to the expiratory load 7, 17) . In the present study, Tee of the lateral abdominal muscles also increased in proportion to ETL. In the lateral abdominal muscles, except EO, there were significant differences between 5% PEmax and 15% PEmax, which might be a result reflecting the expiration activities. In the preceding studies which used ETL, respiratory activities 7) and length 3) of lateral abdominal muscles were significantly shortened under ETL of 5-10 cmH 2 O. Only TA and LAB showed significant difference under 5% PEmax which was equivalent to the 5-10 cmH 2 O; IO and EO showed no significant differences under the same ETL. These results might be characteristics of t h e m u s c l e a c t i v i t y e v a l u a t i o n u s i n g ultrasonography. In the measurement of muscle thickness by ultrasonography, the muscle activity of TA is more easily detected than that of IO, and that of EO is reportedly difficult to detect 10) . Therefore, a higher ETL might have been necessary to see a significant increase of Tee in IO. However, since TA is most easily recruited against breathing load 4, 5) , TA was more likely to show a significant difference. Anyway, a clear increase of Tee in IO may suggest more forceful expiration than that in TA.
On the other hand, even in EO, whose activity is thought to be difficult to detect, Tee significantly increased under 15% PEmax. This result was thought to be associated with the position of the lung volume, because ERV significantly decreased at the same time. In preceding studies, however, position of the lung volume was not associated with significant change of Tee in EO 12) . Our result do not correspond to the results of preceding studies, but the change to occur is not known in the case of coincidence of position-of-lung-volume decrease and expiratory effort, and thus there is a possibility that Tee in EO was significantly increased by their synergy.
Tdif also increased in proportion to ETL. This was because Tei hardly changed even under ETL, and was also supported by the fact that Tdif and Tee were closely related. When estimating muscle activity based on Tee, the activity is usually e s t i m a t e d a s t h e d i f f e r e n c e b e t w e e n 2 measurements under different conditions. Therefore, if lateral abdominal muscle activity is observed at rest, its activity cannot be estimated Values are expressed as mean ± SD. Tei: thickness at end inspiraiton. through muscle thickness. However, Tdif is the difference of muscle thicknesses accompanying breathing. Therefore, expiration activities can be estimated under one measurement condition. If expiration activities are enhanced even at rest, like in chronic obstructive pulmonary disease, Tdif could be used as an indicator. However, the difference in Tdif was small, and only LAB showed a significant difference under 5% PEmax. Therefore, Tdif should be regarded as a change of all the lateral abdominal muscles. Additionally, since Tdif includes passive changes which do not reflect expiration activities 3) , criteria to identify the enhancement of expiration activities are required. In this study, mean Tdif under 0% PEmax was 2.3 mm, but this result was obtained from breathing through the ETL device, and the subjects were only young men. In order to determine the enhancement of expiration activities, Tdif needs to be measured in wide variety of subjects.
